This paper contains an analysis of the squeeze-film damping in micro-electromechanical devices having a planar microstructure containing a repetitive pattern of oval holes. The planar microstructures containing oval holes assure a better protection against dust particles and water drops than the microstructures having circular holes. Consequently, they should be preferred in designing protective surfaces for microphones working in natural environment.
INTRODUCTION
The sensing mechanism of many micro-electromechanical systems (MEMS) (such as microphones and microaccelerometers) is based on the capacitive detection principle. Many of these devices consist of parallel plate capacitors having a moving electrode (a diaphragm or proof mass) and a backplate. The small space between these elements is filled with fluid (air).
In some devices, in order to protect the diaphragm from external damage (for microphones working in natural environment) a certain perforated planar microstructure may be placed in the front of the microphone at a small distance from the diaphragm. In some design solutions a single perforated plate is used for both functions.
When the diaphragm is vibrating in the normal direction, the air film develops a pressure disturbance which opposes its motion (viscous air-gap mechanical resistance or squeezefilm damping.) In order to decrease the squeeze-film damping effect the backplat e is often fabricated in the form of a perforated plate containing a periodic system of holes. MEMS also typically need etch holes to reduce the time required to release the micromechanical structure during the final release etch. A simplified model of the air motion for the case of circular holes has been considered by Skvor in [I] . He succeed in obtaining a simple and useful formula for the total pressure which has been widely used for designing microphones.
Most applications employ only circular or square holes [Z] , [3] . The numerical simulation in this case is simple and for many MEMS gives the desired data for design purposes. Our analysis has revealed that other geometrical shapes of holes such as ovals are also suitable for decreasing the squeeze-film damping on the planar microstructures. As elongated ovals assure a better protection against dust particles and water drops (assumed generally as quasispherical) than the circular holes, in this paper we shall focus on the study of viscous damping for a repetitive pattern of oval holes. This type of geometry needs a more elaborate analysis of the viscous damping than that required for the circular holes.
The squeeze-film of air in a planar microstructure can be analyzed considering the Reynold's equation in a domain containing a periodic system of holes. Section 3 contains results of a numerical simulation of the squeezefilm viscous damping of a microstructure containing a staggered (off-set) system of oval holes. In presenting the results we show how to redesign a given planar microstructure having as its basic pattern uniform spaced staggered circles into a planar microstructure based on oval holes with smaller squeezefilm damping for the same open area. The design parameters of the "initial microstructure" (containing circular holes) can be determined analytically and analytical formulas are provided for designing the "final" microst ruct ure involving oval holes. The analytical formulas are based on the fitting of the data resulting from numerical simulations. The subsection including the designing formulas can be read independently of the other sections and the paper gives an example showing how the method works.
In Section 4 a simple method accounting for the finiteness of the real plates in the case of microstructures having aligned oval holes is presented. The opened edge correction consists of increasing the area of the edge cells until their total pressure equals the total pressure of an inner cell. An example of application of the edge correction is provided.
Besides the squeezed-film damping, the length of the holes equal to the thickness of the plate gives a s u p plementary damping due to the resistance of the holes. The analysis presented in this paper neglects the holes' resistance. Therefore, it can be directly applied in the case of thin plates. Also, the procedure developed for computing the squeeze film damping can be used in an integrated scheme for determining the total damping of the microstructure [4].
T H E PRESSURE EQUATION

Stating of the problem
We consider an infinite plane plate having a system of holes which is invariant under the transformations of the group consisting of reflections, in two orthogonal lines, and translations by vectors which are multiples of the vectors cl and ca as shown in (Fig. la) . We isolate the basic domain D, which, when acted on by the transformations of the group can cover the whole plate. We assume that the holes are of oval form. By oval we mean a rectangle with two half-circles added to two opposite sides. As a particular structure we have also the circular holes case.
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where pa is the atmospheric pressure. We introduce dimensionless spatial variables x = Loxf, y = Loy1 (where Lo denotes a characteristic length) and the reduced pressure p' (x, y) by the relationship
We drop the primes and try to remember that we are working in dimensionless variables. We obtain the equation 
The pressure gradient is zero in a direction that is normal to any line of symmetry of the planar microstructure. On all symmetry lines (denoted by dDN) we can write a new boundary condition as ap ---0, on aVh (the symmetry lines) (6) a n
The mechanical quantity of interest in solving this problem is the squeeze film damping given by the total pressure (force) upon the diaphragm. The force on a cell C (defined as the influence domain of a hole) is obtained by integrating the pressure in eq. (3) over the area and is given by (Fig. lb) .
SIMULATION OF T H E SQUEEZE-FILM DAMPING I N T H E CASE OF STAGGERED HOLES Basic relationships
The design of the backplate for capacitive microphones is typically obtained by means of Skvors' formula [I] . Thus, for the system of off-set uniform spaced circular holes of ri-radius in Fig. 2a the hexagonal influence region of a hole is approximated by a circle of 0.525 li radius, li being the distance between the centers 
Once the initial geometry ( ri and li) is given and the ratio of the holes densities is specified, the relations (10-14) give the geometry of the oval ( r f and I f ) . The total pressure on the final structure is determined by relation (15) in terms of pressure coefficients and the total pressure on a unit area of the initial system. , respectively. Since we will use these coefficients for designing purposes, these problems have to be solved many times. This is why we decided to consider a computationally efficient Boundary Element Method simulation which provides the values of the function and of its normal derivative along the boundary. Once these quantities are determined the total pressure upon the canonical domain can be also obtained analytically.
The ratio of the pressure coefficients c$)/c;~) obtained by numerical simulation is plotted in Fig.4 versus area ratio AR for the cases: a/al = 0.6 : 0.1 : 0.9 (asterisks). Further analysis reveals that the ratio of the pressure coefficients can be fitted well by a third order polynomial:
where the coefficients e; are given in Table l .Also, we have plotted in Fig.4 the least squares fitting by a cubic 
The design relationshi~s and examole of amlication
We summarize now the formulas for designing a plane microstructure based on an oval pattern of holes. In order to show how these formulas may be applied we consider also an example. As application we consider two cases: Nlf) = 250 and N : ' = 500. The domain DNW has the upper and right-hand sides as boundary opened sides. Thus, this cell is considered as a corner cell. Their dimensions result as being dl + ddl and d2 + dd2. The level lines of the pressure are plotted in the domain DNW and the total pressure is PNW = 0.15972. The relative error as compared with the inner cell Dsw is 2.6%.
Let us consider now the perforated planar microstructure in Fig.6 containing 12 oval holes and having the upper and right-hand side external lines opened and the left-hand side and lower external lines closed. The inner canonical cell has the same dimensions as before and the corrections ddl and dd2were applied to the vertical and horizontal edge cells, respectively, The figure includes the pressure level lines obtained by using a FEM software. It is clear that the periodicity of the pressure holds for the inner cells. The total pressure of the structure obtained by using the FEM software is PT = 1.872. On the other hand let us denote
